We studied correlations among traits related to body size and reproductive behavior in marine turtles, using data from 96 different populations representing seven species. Our analyses focused on patterns of phenotypic covariation among species and among populations within species. At the species level, body size correlated positively with several reproductive traits, including egg size and overall reproductive effort. A trade-off between clutch size and egg size was confirmed for marine turtles, after factoring out the effects of body size. Patterns of variation within species were different from those among species. For example, in five out of six species there was a positive relationship between adult body size and clutch size, although this correlation was not found at the interspecific level. We also found important differences among species in the way life-history traits correlated with one another. Four species having a sufficient number of samples exhibited congruent worldwide patterns of body size variation. A comparative approach may prove useful for extending demographic models developed for loggerhead turtles to less well-known species, even though many of the model parameters have not been estimated for other species. , 1991). Interest in the evolutionary origins of life histories stems from their close connection to fitness and their sensitivity to natural selection (Smith, 1991). Demographers include life-history traits such as age-specific fecundity and survival in life tables used for predicting changes in population size (Cole, 1954) . Thus, life-history comparisons among populations or species may support predictions about population dynamics and provide insight into responses to evolution.
duction varies among species and populations but probably ranges from 7-30 years or more (National Research Council, 1990). Once they initiate breeding, mature females travel to breeding beaches every 2-5 years to lay from 2-10 clutches of eggs, 9-15 days apart. In many populations, males apparently make thejourney as well, because mating is commonly reported in the waters adjacent to the breeding beaches (Ehrhart, 1982) . The 2-5 year interval between reproductive episodes is considered an adaptation to the energetic costs of migrating between spatially distinct feeding and nesting locations (Hendrickson, 1980) , although the pattern is retained in populations that show little migration (e.g., Limpus et al., 1984) .
All species of marine turtle have large adult body size and long maturation period and lay large clutches of small eggs relative to other aquatic turtles, even after correcting for body size differences (Wilbur and Morin, 1988) . Presumably, sea turtles evolved this reproductive pattern in response to high and unpredictable mortality during the egg and hatchling stages. Laying many small eggs in several different clutches avoids allocating a large proportion of a female's reproductive effort to any single offspring, which would be undesirable because each individual offspring has a high probablity of perishing.
Within the sea turtle life-history plan, there is variation among species and populations in most reproductive traits. Our goal is to describe patterns of variation among species and among populations within species and to evaluate pos-? 1994 by the American Society of Ichthyologists and Herpetologists sible evolutionary consequences of life-history differences among species. In addition, we examine the consequences of life-history variation for determining appropriate conservation measures for marine turtles.
METHODS
Data collection. -We reviewed the literature and mailed personal inquiries to gather reproductive data on all species of sea turtles on their nesting beaches. We considered a population of turtles nesting on a particular beach or island to be the appropriate unit for comparison, and we combined results from separate studies of the same population.
Twelve measurements were extracted for each population, when available (Appendix). The carapace length of nesting females was measured as either the straight-line distance or the curved distance from the foremost point on the nuchal scute to the most posterior projection of the carapace. The Appendix gives the measurement originally reported, but we have used only straight carapace length in statistical analyses, calculated from known relationships between curved and straight measurements for each species from literature sources.
Clutch size was measured as the number of yolked eggs deposited by a female per nest. Egg diameter was the maximum diameter measured with calipers. Egg weight (wet mass) was measured immediately after oviposition. Egg volume was calculated by spherical volume : radius ratio, a good approximation for most species (e.g., Pinckney, 1990) . Egg survival was the proportion of individuals that survived from oviposition until the hatchlings reached the beach surface, not including clutches transplanted to hatcheries. Reporting methods for egg survival were often ambiguous, but we attempted to exclude data from clutches lost to predators associated with human development, such as swine, dogs, and racoons.
Incubation period was the number of days from oviposition until the first hatchlings reached the beach surface. Hatchling carapace length and hatchling weight were measured on the day the hatchlings emerged from the sand. Clutch frequency was the number of clutches of eggs laid by a single female during one active breeding season. Remigration interval was the number of years that elapsed between active breeding seasons for an average female. We define an estimate of reproductive effort, which is the total volume of eggs produced by a female per year. Our method of calculation was as follows: reproductive effort = (egg volume) x (clutch size) x (clutch frequency)/(remigration interval).
We gathered information on the quality and amount of data associated with each study. The Appendix gives sample sizes associated with estimates of female carapace length and clutch size, which reflect our level of confidence in those estimates. We rejected estimates that were presented without evidence of supporting data, which was especially common for statements about clutch frequency and remigration interval. We recognize that estimates of clutch frequency, remigration interval, and reproductive effort may be biased by tag loss and incomplete beach coverage, but we use the published data as the best available estimates for these reproductive traits. References for all studies in the Appendix are available upon request. The results include a large number of statistical tests of significance, and we provide acceptable alpha-levels adjusted for multiple comparisons. In general, though, our analyses comprise a search for overall patterns of covariation among life-history traits rather than hypothesis tests for which conservative conclusions are necessary. Throughout this paper we interpret P-values as rough indicators of the degree of association between variables. Conservative significance tests for many of the patterns we discuss await better field data and experimental tests using other taxa.
Patterns of covariation among life-history traits are discernible at several levels, and different kinds of insight can be obtained at each level. We began at the level of the species by calculating species means for each reproductive parameter and then computing the correlations among traits. This level of comparison was used to study the way that body size influences reproductive traits and to uncover correlations reflecting constraints on patterns of diversification. Next, for species with a sufficient number of breeding localities, we used population means reported in the literature to calculate correlations among characters at the level of the population. This level of comparison illustrated the way reproductive traits vary on a geo- (Table 2) . Large species tend to lay large eggs, which give rise to large hatchlings. Large species also lay more clutches per year and expend a greater reproductive effort than do small species. Interestingly, there is no correlation between clutch size and body size among the seven sea turtles (Fig. 1) , although a strong positive relationship exists among all turtles (Wilbur and Morin, 1988) . Species that lay large clutches have small eggs and small hatchlings. It is noteworthy that high reproductive effort is correlated not with large clutch size or large eggs or returning to breed more frequently but with higher frequency of clutches within a season ( Table 2 ).
The correlations in Table 2 can be summarized by arranging the seven species along three independent axes derived from a principal components analysis of life-history traits (Fig. 2 These analyses suggest that body size is confounded with other traits, so that the relationships among life-history measures must be studied by first accounting for size. We corrected for size by regressing each trait separately against female carapace length and saving the residuals for further analysis. The new variables represent the magnitude of the traits after first factoring out the apparent influence of body size.
Correlations among size-specific reproductive traits illustrate patterns of covariation that are independent of adult body size (Table 2) . For example, species that lay relatively large clutches have relatively small eggs and hatchlings (Fig. 4) . Natatar depressa has the smallest clutch and the largest eggs relative to its size; E. imbricata, C. caretta, and C. mydas have the largest clutches and the smallest eggs relative to body size. These data confirm a fundamental trade-off in allotment of resources to either many matrices was based on 28 points. We assigned no statistical significance to the differences between matrices because the correlation coefficients within each matrix are not independent observations. Nevertheless, a dendrogram representing the similarity among species illustrates that several different patterns of life-history covariation are found in marine turtles (Fig.  3B) . Natatar depressa shows a distinct pattern of correlation among reproductive traits, in part because of a negative correlation between body size and clutch size. Eretmochelys imbricata and C. mydas have similar patterns of life-history covariation, as do C. caretta and D. coriacea (Tables  4-5 ).
DISCUSSION
The results of our survey confirm earlier descriptions of the natural history of marine turtles (Hirth, 1980; Ehrhart, 1982 ; National Research Council, 1990). Figures 2 and 3A illustrate the close similarity in reproductive traits of the two Lepidochelys turtles, which were considered subspecies until recently (Loveridge and Williams, 1957). Chelonia mydas is distinct from other marine turtles in its herbivorous feeding ecology but is similar to C. caretta and E. imbricata in its size and reproductive ecology. Dermochelys coriacea is ecologically specialized as a pelagic jellyfish-feeder and is distinct from other sea turtles in its reproductive traits as well; N. depressa stands apart because of its comparatively few and large eggs and hatchlings.
We find it interesting that the three species with the greatest quantity of reproductive data also have similar life histories. Chelonia mydas, E. imbricata, and C. caretta apparently share a number of traits that permit investigators to carry out nesting beach studies, in addition to their similar life-history traits. These features may include worldwide distribution and seasonal, colonial nesting on accessible beaches.
Our approach emphasizes phenotypic correlations among species and populations. In general, these analyses do not permit conclusions about the underlying causes of relationships, which could arise in two ways. First, a phenotypic correlation could be caused by a genetic correlation, produced by natural selection, pleiotropy, or drift. If this were the case, we could make statements about constraints on future evolutionary change in the two traits, which must follow the pattern established by the genetic correlation. Alternatively, phenotypic correlations could be caused by variation in external factors that cause the traits to covary, in which case conclusions about evolutionary constraints would not be possible.
The underlying causes of phenotypic correlations in sea turtles will always remain uncertain, because of our inability to perform experiments (Stearns, 1976) . Nevertheless, patterns of covariation of life-history traits do permit speculation about the evolution of those traits and become increasingly convincing as they are confirmed in other taxa. The mechanism by which some species achieve high reproductive effort relative to their body size involves shortening the interval between remigration events and, to some extent, laying more clutches. Our results show that variation in egg volume or clutch size is not related to reproductive effort. It is tempting to conclude that future increases in size-specific reproductive effort of marine turtles could be achieved only by reducing the remigration interval or increasing clutch frequency. We look forward to the more reliable estimates of remigration interval and clutch frequency that will result from improved tagging techniques and more intensive beach coverage. Several other traits are not consequences of body size at the species level. For example, one expects egg survival to vary with conditions on the nesting beach rather than because of the size of the female, and as expected we found no correlation between egg survival and female size. Remigration interval was also unrelated to size, suggesting that the unknown nutritional and behavioral factors that control remigration do not include body size.
We found that clutch size was uncorrelated with body size, although this relationship is strongly positive in more inclusive groups of reptiles (Moll, 1979; Dunham et al., 1988) . In general, when egg and hatchling survival rates are low, selection will result in a small resource allocation to each of a large number of young (Smith and Fretwell, 1974; Brockelman, 1975; Wilbur, 1977 A different allocation pattern is exhibited by N. depressa, unique among sea turtles in that it has a small clutch that is compensated by egg size rather than remigration interval or clutch frequency. Natatar depressa lays only half as many eggs per year as most other species. The usual explanation for the large eggs in N. depressa is that marsupials do not prey upon turtle eggs in Australia, where this species nests, so the risk of losing the large and valuable eggs is low. Allocation to offspring in N. depressa may be designed instead to maximize escape of hatchlings from bird and crab predators, which experience difficulty killing large hatchlings (Limpus, 1971; Bustard, 1972). In fact, some support for this hypothesis comes from data on egg survival, which is higher in N. depressa than in any other marine turtle. Hatchling survival data are not available.
Intraspecific comparisons.--Analyses of life-history variation among populations of marine turtles yielded several unexpected results: (1) phenotypic correlations among traits were different at the population level than at the species level; (2) there were important differences among species in the pattern of correlation; and (3) geographic patterns in body size were similar in four species.
Most sea turtles show a significant positive correlation between body size and clutch size, whereas no such pattern exists among species. This situation might develop if variation arises from different sources at the intra-and interspecific levels. Perhaps body size variation within species is caused by environmental and nutritional differences, whereas body size variation among species is the result of selection for a set of interrelated traits, including size, behavior, and resource allocation. According to this hypothesis, turtles that experience a nutritional advantage grow large and realize their increased reproductive potential by laying more eggs, rather than by adjusting behavioral traits such as remigration interval. In contrast, species differences in body size have evolved simultaneously with adjustments in many other traits. Thus, there is little reason to expect only clutch size to change with body size, at least within such a small set of similar species.
Our findings suggest that the covariance structure of life-history traits cannot be predicted based on the life-history pattern itself. Species that show similar patterns of correlation among traits may not be the same species that show similar average values of those traits (Fig.  3) . In particular, D. coriacea is different from other species in its morphometric and reproductive measurements, but its phenotypic correlation matrix is most similar to that of C. caretta. There is clearly a distinction between a species' life-history traits and the way those traits covary.
There may be evolutionary implications of the different patterns of life-history covariation in different species. To the extent that phenotypic correlations reflect underlying genetic correlations, the different species may respond differently to similar selective regimes. For example, selection favoring increased egg size would cause an increase in the size of adult females in C. caretta but a decrease in size in E. imbricata. In truth, environmental and genetic causes for life-history correlations are equally plausible, and the evolutionary consequences of species differences in associations among traits must remain speculative.
The geographic distributions of body size in marine turtle breeding colonies showed similar patterns in each of the four species having adequate sample sizes. We suggest several environmental and evolutionary explanations for this result, which make different predictions about geographic patterns of predation and oceanic productivity. Colonies in the Caribbean and western Atlantic tend to contain large turtles, whereas those in the Mediterranean Sea, north Indian Ocean, and eastern Pacific are typically small. We suspect that the pattern is not caused by size-biased methods of human harvesting, although this explanation is difficult to eliminate. Some regions with small turtles (e.g., north Australia and the Mediterranean) are not known for their heavy exploitation of adults. In other regions with large turtles (e.g., parts of the Caribbean), adults are extensively harvested.
The pattern of body size distribution may arise from nutritional differences that are consistent across species. For example, juvenile growth rates in C. mydas are consistently higher in the Caribbean and western Atlantic than in Australian and Hawaiian waters (Boulon and Frazer, 1990), suggesting that populations with large breeding females enjoy superior nutrition in the juvenile stage. This mechanism would be remarkable, however, because adults of the four species consume different foods (Hendrickson, 1980) . Thus, one might predict that nutritional differences result from variation in overall productivity within turtle feeding areas. Estimates of organic production in the oceans do not confirm the expectation that large turtles occur in regions of high productivity (Kennish, 1989) Implications for demographic models of marine turtles. -We believe that our comparative approach may prove useful for extending demographic models developed for C. caretta (Crouse et al., 1987) to less well-known species. There is interest in using population models to evaluate competing conservation strategies for E. imbricata and L. kempi, because E. imbricata has been heavily harvested for the tortoise-shell industry and L. kempi has only one nesting population at Rancho Nuevo, Mexico. At this point, the major impediment to progress is that many model parameters have not been estimated for species other than C. caretta. Our analyses focus on a mixture of parameters, some of which are not included in the demographic models (e.g., female size and hatchling size) and some of which are incorporated in those models (e.g., clutch size, clutch frequency, and remigration rate). Size-and age-based survivorship estimates would be useful for our analyses here as well as for population modeling, but these data are difficult to acquire.
We propose that the degree of similarity among species in demographic and morphometric parameters summarized in Figures 2 and 3A may give a rough indication of the extent to which conclusions drawn from specific population models can be generalized. If this proves true, then predictions derived from the C. caretta model will be more appropriate for C. mydas and E. imbricata than for other species. Similarly, insights for the management of L. kempi might best be obtained by collecting data and formulating a population model for the more common L. olivacea. We hope that further comparative studies such as ours will enhance our ability to manage endangered species and populations in the absence of complete information. 
